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AN ANALYSIS O F  THE IMPACT OF CABIN FLOOR ANGLE 

RESTRICTIONS ON L / D  FOR A TYPICAL 

SUPER SONIC T RANSP OR T 

By R .  L. Radkey 
Douglas Aircraf t  Company 

SUMMARY 

Four  configuration design and integration s tudies  have been conducted to 
de termine  whether a typical supersonic t ransport  could be designed to achieve 
both high L / D k  and low cabin floor angles at c ru ise .  Numerous configuration 
per turbat ions about a baseline configuration were  evaluated. The basel ine 
configuration was designed f o r  M = 2.2,  CL = 0.1, 273 passenge r s ,  and  a 
maximum range of 7408 km. (4000 n mil. 

The first study, a fuselage camber study, was conducted to de te rmine  
the effect of the fuselage camber  distributior- on the a i r c r a f t ' s  c r u i s e  pe r fo r -  
mance .  I t  was concluded that fuselage camber  var ia t ions  fo re  and aft of the 
wing h a d  l i t t le  effect on L / D  or  the cruise floor angle.  
w e r e  achieved by reducing the cabin floor incidence re la t ive  to the wing r e f e r -  
ence plane,  but c r u i s e  L / D ' s  were  a l so  significantly reduced.  

Low cabin floor angles  

The  second study was  a wing optimization study in which wings w e r e  opti-  
m i z e d  for  minimum drag  a t  CL'S l e s s  than the design CL and  then analyzed 
with the  basel ine fuselage. The study w a s  conducted to de te rmine  whether  wings 
r equ i r ing  l e s s  incidence reduction near the root in  o r d e r  to be  properly m a t e d  
to the basel ine fuselage might show be t t e r  c ru ise  per formance .  These  wings 
h a d  l i t t l e  effect on ei ther  c ru i se  L/D o r  cruis: f loor  angle.  

The third study was a s imi la r  wing optimization study in which the wings 
w e r e  opt imized in the presence  of the basel ine fuselage a t  CL 'S  l e s s  than the 
design CL. 
ma te ly  a 0.5 degree reduction i n  c ru ise  f loor  angle. 

It was found that L/D 's  could be inc reased  up to 0.5 with approxi -  

The fourth study was  a wing optimization study in which wings w e r e  

It was found that L / D  could b e  i n c r e a s e d  up to 0.6 but 
op t imized  at the design CL with pitching moment  cons t ra in ts  designed to reduce  
the c r u i s e  trim drag. 
the c r u i s e  floor angle was a l so  increased  near ly  one degree.  

T h e  studies indicated that i t  was not possible to both improve  the a i r c r a f t  
c r u i s e  L / D  and substantially reduce the c ru i se  f loor  angle  below the f ive 
d e g r e e s  of the baseline configuration. The s tudies  did indicate  that the c r u i s e  
f loor  angle was  reduced by reducing the fuselage incidence r e l a t ive  to the wing, 
but the reduction in c r u i s e  floor angle was  accompanined by a substant ia l  
reduct ion  in L / D .  



IN TR ODUC TI ON 

High floor angles a t  c r u i s e  have been identified as  a significant problem 
facing a i r l ine  and public acceptance  of a supersonic  t ranspor t .  Configurations 
cu r ren t ly  under study a r e  ant ic ipated to have c ru i se  floor angles  as  high as 
seven  degrees .  The o p e r a t o r s  of current  wide-bodied a i r c r a f t  have a l r eady  
complained that cabin floor angles  of two to three  degrees  add  substant ia l  
difficulty and inconvenience t o  cabin operations.  The carriers have  e x p r e s s e d  
concern  that floor angles as  high as seven degrees  m a y  be vir tual ly  unaccept- 
able  in  terms of cabin operat ions.  In addition, the physical s t r a i n  imposed  on 
e lder ly  passengers  when moving about a high f loor  angle cabin m a y  r equ i r e  a n  
inc rease  in  cabin p r e s s u r e  and  a corresponding increase  in fuselage weight. 
The combination of these f a c t o r s  has r e su l t ed  in  a m a j o r  problem which has 
not rece ived  adequate attention in the supersonic  t r anspor t  design p rocess .  

In  o r d e r  to explore  the  relationship between c r u i s e  per formance  and 
floor angle ,  four re la ted  wing-fuselage design and integration s tudies  have  
been conducted. The s tudies  evaluated numerous  configuration per turbat ions 
about a basel ine typical supersonic  t ranspor t ,  the Douglas Ai rc ra f t  Company 
D-3230-2.2-5.  Recent detai l  design s tudies  on the -5 configuration have  built 
up  a substant ia l  data base  which has  m a d e  possible  rea l i s t ic ,  in-depth ana lyses  
not only of the a i r c r a f t ' s  performance,  but of the feasibi l i ty  of integrating 
s t ruc tu ra l ly  the var ious wing-fuselage cornbinations under study. 
c onduc t e d we r e : 

The s tudies  

1. A fuselage camber  s tudy in which per turbat ions in  the fuse lage  
camber distribution were  examined with the basel ine wing. 

2.  A wing optimization s tudy in which wings w e r e  optimized for  min i -  
mum d r a g  a t  C ~ l s  less  than the design CL. 
wing planform camber  sur faces  a l o n e  and evaluated with the basel ine fuselage.  

These  wings w e r e  optimized as  

3.  A second wing optimization study in  which wings w e r e  again optimized 
f o r  min imum drag  a t  CL'S less than the design CL, but this t ime  the wings 
w e r e  opt imized in the presence  of the basel ine fuselage.  

4. A th i rd  wing optimization study in which wings were  optimized for  
m i n i m u m  d r a g  subject  to C, constraints  designed to  produce more posit ive 
wing-body Cmo ' s .  
configuration t r i m  drag.  

The m o r e  positive C m O t s  have been found to reduce  

CONFIGURATION ANALYSIS TECHNIQUES 

Aerodynamic cha rac t e r i s t i c s  were  determined by the Woodward L inea r -  
The Woodward p r o g r a m  is a 

It can  be used  
i z e d  Supersonic  Analysis  program ( re f .  1). 
pa r t i cu la r ly  use fu l  design tool because of i t s  versat i l i ty .  
to  ana lyze  wing camber  surfaces,  wing c a m b e r  surfaces  with thickness  
(thick ~ i ~ o q \  0- I ,  wing-body combinations and  wing-body combinations with 
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externa l  s t o r e s  or  ax i symmet r i c  nacelles.  
for  minimum drag  a t  a given C L  with o r  without a specif ied center  of p r e s s u r e ,  
and i t  can be used  to de te rmine  the wing shape corresponding to a given p r e s -  
s u r e  distribution. 
presence  of a body o r  s to re s .  I t  can a l s o  be used  to p e r f o r m  flow visualization 
by determining the flow proper t ies  a t  off-body points. The Woodward p rogram 
uses  a paneled interference cylinder t o  account f o r  wing-body in te r fe rence  
effects and gives reasonably accura te  incrementa l  differences between similar 
configurations. 
men ta l  data for  numerous wing-body configurations. 

It can be used  to optimize wings 

It can  be used  to do either of the inve r se  problems in the 

P r o g r a m  r e s u l t s  have been shown to a g r e e  well  with exper i -  

All configurations w e r e  compared on the basis of t r i m m e d  aerodynamic 
per formance  as de termined  by a l inear ized  t r i m  d rag  program.  Tail-off 
aerodynamic  cha rac t e r i s t i c s  fo r  the t r i m  drag  p r o g r a m  w e r e  taken f r o m  
Woodward wing-body runs.  The zero-lif t  wave d rag  was  determined by the 
Douglas A r b i t r a r y  Body Wave Drag p rogram (refs. 2 and  3). The zero- l i f t  
wave d rag  was  taken to be the same fo r  all configurations because  exper ience  
has shown that small changes in the wing and  fuselage c a m b e r  distributions 
h a d  l i t t le  effect on the wave drag .  
us ing  the turbulent f lat  plate with leading edge t ransi t ion data f r o m  ref. 4, A 
f o r m  factor  of 1.05 and a roughness fac tor  of 1.06 w e r e  applied to the calculated 
skin fr ic t ion drag.  
configurations because  the wet ted a r e a  did not change significantly. Data used  
f o r  the  t r i m  ana lys is  on the baseline configuration a r e  presented  in Appendix A. 

The skin fr ic t ion d rag  was  de te rmined  by 

The fr ic t ion drag was  a l s o  taken to be the same for  all 

Downwash values  a t  the ta i l  for and  dc/dac w e r e  de te rmined  by ana lyses  
of 2707-300 and  SCAT 15 tail-on wind tunnel data. A downwash survey  in the 
neighborhood of the horizontal  t a i l  w a s  made  with the Woodward flow visual iza-  
tion option in o r d e r  to es tabl ish confidence in  the exper imenta l  downwash values.  
The sensi t ivi ty  of the t r i m  drag p rogram to a c c u r a t e  knowledge of the downwash 
w a s  also investigated. The survey  indicated that the experimental  downwash 
va lues  w e r e  acceptable  for  the -5 and that the study r e su l t s  would not have been 
apprec iab ly  effected by var ia t ions  in the downwash of the magnitude observed 
i n  the survey. The downwash survey is d iscussed  detai l  in Appendix B. 

The English s y s t e m  of uni ts  (U. S. cus tomary)  was used as  the principal 
s y s t e m  of m e a s u r e m e n t  for  this work. 

SYMBOLS 

AR aspec t  r a t io  

b r e fe rence  wing span 

CD d rag  coefficient, 
d rag  

sW 

skin fr ic t ion d rag  coefficient cDf 

Dn: zero- l i f t  wave drag  coefficient 
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CL lift coefficient, 

C L ~  t r immed  lift coefficient for  the a i rc raf t  

C m  

c”O 

CR 

D 

iF 

i W  

L 

L / D  

M 

MAC 

sW 

WRP 

XYYYZ 

a 

moment - pitching moment c oe ff ic ie n t , 
SS,? 

zero-l i f t  pitching moment  coefficient 

center l ine root chord  

drag  

incidence of a floor section with respec t  to the wing r e fe rence  
plane ( W R P )  

incidence of any wing chord with respec t  to the W R P  

l i f t  

l i f t  to d rag  ra t io  

Mach number 

mean  aerodynamic chord ,  S. 

2 dynamic p r e s s u r e ,  1 / 2  p V  

wing re ference  area 

wing r e fe rence  plane 

stabil i ty axes  with the wing r e fe rence  plane defined as  Z = 0 

angle of a t tack,  measured  to the W R P  

floor angle,  m e a s u r e d f r o m  the W R P  

zero- l i f t  angle of a t tack  

downwash a t  z e r o  angle  of a t tack  ( a  = 0 )  

downwash derivative,  d / d (;Y 

nondimens ional s panwis e c oor  dina t e ,  Y 
b/2 

wing-body ( ’wb 

< j t  f-2. i 1 
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BASELINE CONFIGURATION 

The D-3230-2.2-5 configuration, shown in f igu re  1, w a s  selected as the  
basel ine configuration for  the study because of the l a r g e  volume of supporting 
data a l r eady  availble. 
p rocedures  a s  pioneered by r e s e a r c h e r s  a t  NASA's Langley R e s e a r c h  Cen te r .  
The methods set  for th  by Baals ,  Robins, and H a r r i s  ( re f .  5 )  have  consis tent ly  
r e su l t ed  in  a r r o w  wing configurations with good supersonic  c r u i s e  per formance  
as  typified by the NASA SCAT 15 Series of configurat ions.  
t ions w e r e  designed by optimizing the wing for minimum d r a g  a t  the c r u i s e  CL 
and  then laying the fuselage l i n e  of c r o s s  sect ional  area cent ro ids  a long the 
wing root camber  l ine.  The fuselage c r o s s  sect ional  area dis t r ibut ions w e r e  
se lec ted  by optimizing the fuselages for  minimum zero- l i f t  wave drag  i n  the 
p re sence  of the wing. 

The -5 w a s  designed accord ing  to accep ted  design 

These  configura-  

The -5 wing planform, wz6, was se l ec t ed  by a wing p l an fo rm compar ison  
W 2 6  was then opt imized study conducted a t  M = 2.2, the design Mach number.  

f o r  minimum d r a g  at  a CL of 0.10 with no C m  cons t ra in ts .  
wing incidence w a s  6 O  a t  the m o s t  inboard wing defining sect ion.  
sented some difficulty in  integrating the wing and fuse lage  
decided that the cabin floor incidence with r e s p e c t  to the wing re ference  plane 
( W R P )  would be r e s t r i c t e d  to 4' in  order  to keep the f loor  angle  at c r u i s e  
reasonable .  
f loor  incidence m e a s u r e d  from the WRP plus the angle  of a t t ack  m e a s u r e d  to 
the W R P .  
wing incidence a t  the m o s t  inboard defining sec t ion  was  reduced  to 4'. The 
incidence reduction was accomplished by rotat ing the m o s t  inboard defined 
wing sect ion f r o m  6 O  incidence down to 4O incidence.  
ence  dis t r ibut ions f o r  the baseline and optimum wings a r e  shown in f igure 2. 
It can  be  seen  that  the actual  wing incidence reduct ion a t  the wing-fuselage 
in t e r sec t ion  was  f r o m  4.75' t o  3.60'. 

The optimized 
This p r e -  

because  i t  h a d  been 

The floor angle at cru ise  was defined as  the s u r n  of the max imum 

In o r d e r  to get the wing joined en t i r e ly  beneath the cabin f loor ,  the 

The  inboard wing incid-  

The -5 fuse lage  c r o s s  sectional a r e a  distribution was  optimized f o r  
min imum wave d rag  subject to the constraints that there  be adequate cockpit 
room and sufficient space  for four -abreas t  seating. The component c ros s -  
sec t iona l  a r e a  build-up is shown in f igure  3 f o r  the -5 fuselage,  wing, and ta i ls .  
The minirnurn a r e a  for  four-abreast  seating and the sect ions where  minimum 
a r e a s  w e r e  specified a r e  a l so  shown. 
f i t t ed  to a cabin having flat floor segments with the wing segment  or iented a t  
4 O  incidence to the W R P .  The result ing fuse lage  camber  l ine came c lose  to 
following the modified 4O root camber (4RC) wing section. 

The opt imum a r e a  distribution was 

Thus,  the design procedure f o r  the -5 depar ted  slightly f r o m  the NASA 
procedure  because of the rest r ic t ion that the f loor  incidence be 4'. For  com-  
par i son ,  an  "optimum" configuration with the -5 fuselage c r o s s  sectional a r e a  
d is t r ibu ted  along the 6 O  o p t i m u m  wing root was  a l s o  analyzed. 

The drag polars  and C, ver sus  C L  cu rves  for  the basel ine and opti-  
mum configurations a re  presented in f igure  4. The unt r immed wing-body 
po la r s  w e r e  quite s imi la r  for  both configurations but the trim drag for the 
basel ine configuration was substantially g r e a t e r  than for  the optimum 

5 



configuration. The higher t r i m  drag was  directly the r e s u l t  of the l a r g e r  
nose down (negative) pitching moment developed by the basel ine fuselage.  

As aCm/acL)wing-body  was  virtually the same f o r  all configurat ions,  
was sufficient indication of the configuration pitching m o -  the value of 

men t  cha rac t e r i s t i c s .  
tion per formance  because the trim d r a g  dec reased  as Cmo became  m o r e  
positive. 

In f ac t ,  Cmo was a n  important indicator  of configura-  

Curves  of L/Dmax v e r s u s  center of gravity location a r e  shown in f igu re  
It can be seen  that the opt imum configuration produced about 0.16 m o r e  in  5. 

L/Dmax a t  the nominal cen te r  of gravity location. 
ab le  to  the lower trim drag  of the optimum configuration. 

This  w a s  d i rec t ly  a t t r i bu t -  

Curves  of L / D  ve r sus  f loor  a n g l e  f o r  both configurations with cen te r  of 
gravi ty  a t  i t s  nominal location a r e  shown in f igure  6. The additional two de- 
g r e e s  of f loor  incidence r equ i r ed  to fi t  the fuselage along the optimum wing 
root  c a m b e r  l ine forced the c r u i s e  floor angle  up to 7 O .  In effect ,  the b a s e -  
l ine configuration offered a Z 0  reduction in  floor angle a t  the expense of 0.16 
in  L / D .  

Similar cu rves  for  f a r the r  a f t  center  of gravity locations a r e  shown in 
f igure  7. 
effect on the floor angle r equ i r ed  f o r  max imum L/D,  but reduced  the d i f f e r -  

These  curves  show that fa r ther  aft  cen te r s  of gravi ty  had  l i t t le  

ence between L /Dmax  for  the baseline and  optimum configurations to about 
0.10. 

Curves  of l i f t  coefficient ve r sus  f loor  angle a r e  presented  for  the 
t r i m m e d  a i r c r a f t  in figure 8 indicating the CL a t  which L/Dmax occcrred.  A 

FUSELAGE CAMBER S T U D Y  

The var ious  fuselage c a m b e r  distributions analyzed in the fuselage cam- 
ber s tudy a r e  shown schematically i n  f igure  9 and defined in  detail  in f igure 
10. The -5 fuselage camber  was  taken as  the line of c ross -sec t iona l  area 
cent ro ids  and  was  designated F-11. 
and  ta i l  camber  u s e d  with the 4 O  incidence center  fuselage sect ion to  make  
u p  the  camber line. The j o g g l e  i n  nose  camber  1 was the r e s u l t  of cockpit 
vis ibi l i ty  requi rements .  
a n c e  c r i t e r i a .  Nose camber  2 a n d  ta i l  camber  2 w e r e  chosen to  approximate  
ax isyrnmetr ic  sect ions aligned with the f r e e s t r e a m .  They w e r e  canted 1' 
nosedown because the -5 basel ine wing, W26-4RC, c ru ised  a t  about 1' angle  
of a t tack .  The opt imum fuselage camber  l ine did not have to be canted because  
the opt imum wing c ru i sed  at about O o  angle of a t tack  with angle  of a t t ack  
m e a s u r e d  to  the W R P .  Nose camber  3 and tail  camber  3 w e r e  configured 
so le ly  to  produce a m o r e  positive wing-body Crno by making the fuselage 
contr ibut ion m o r e  positive. 

The two digits denoted the nose c a m b e r  

Tai l  camber  1 was  upswept to  m e e t  rotat ion clear- 
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Each  of the above fuselages was guaranteed a proper  mating with the wing 
because the center  sect ions followed the wing camber .  But these var ia t ions 
tended to be ineffective in  reducing the c r u i s e  f loor  angle,  because the floor 
angle is the sum of the init ial  floor incidence and the angle of a t tack  and the 
var ia t ions did not reduce the floor incidence which contributed 4O to the base -  
l ine configuration's c r u i s e  floor angle of 50. S o ,  a set of fuselage c a m b e r s  
represent ing  flat f loors  set  a t  l e s s  than 4O incidence to the W R P  w e r e  a l s o  
investigated. A s  the en t i re  fuselage was rotated nose-down i t  was apparent  
that the wing would no longer  l i e  entirely beneath the floor. It was readi ly  
apparent  that the fur ther  the floor incidence was  reduced, the m o r e  seve re  
the weight penalties would be fo r  having to run  the wing car ry- through 
s t ruc tu re  around the cabin instead of under i t .  

Four  low-incidence floor variations w e r e  studied. These were  designated 
F-3.00D, F-1.92D, F- 1.07D, and F-0.46D where  the digits denoted the floor 
incidence in  degrees .  S t ruc tura l  weight penalt ies w e r e  anticipated to be seve re  
as  the floor incidence was  reduced below 3.0° of incidence. 
impossible  to integrate  the wing and fuselage when the wing reached the window 
l ine at  l . O o  of floor incidence. 

It became near ly  

All  fuselages analyzed had the same c r o s s  sect ional  a r e a  distribution as  
the basel ine fuselage. 

Effect of Nose Camber  Variations 

The effect of nose camber  variations was studied by analyzing each of 
the th ree  -5 nose var ia t ions with tail camber  2. Tai l  camber  2 was chosen 
because the fuselage camber  aligned with the f r e e s t r e a m  fo re  and a f t  of the 
wing r ep resen t s  the supposed optimum configuration for that wing. Curves 
of L/Dma, v e r s u s  center  of gravity location shown in f igure  11 indicated 
that only nose camber  3 ,  the upswept nose,  showed any improvement.  This  
was  aga in  d i rec t ly  attr ibutable to a trim drag  reduction due to a m o r e  
posi t ive Cmo. 

Curves  of L / D  v e r s u s  floor a n g l e  a r e  shown in f igure 12 f o r  the center  
The nose camber  var ia t ions showed only of gravi ty  a t  the nominal location. 

s m a l l  L / D  deviations f rom the baseline configuration. 

The  curves  of tr imrned a i rc raf t  l i f t  coefficient, CLA, ve r sus  floor 
angle  w e r e  vir tual ly  the s a m e  a s  f o r  the basel ine fuselage.  

Effect of Tai l  Camber  Variations 

The  effect of tail camber  variations was studied by analyzing each of the 
tail var ia t ions  with nose camber  2. 
g rav i ty  location a r e  presented  in figure 13. Only tail camber  3,  the upswept 
ta i l ,  showed any real improvement over  the baseline.  In this ca se  however ,  
the improvement  was  due to a reduction in wing-fuselage interference drag.  
The fuselage with the additional tail upsweep was  sloped to take advantage of 
of the high p r e s s u r e  region on the underside of the aft  fuselage caused by 

Curves  of L/Dma, ve r sus  center  of 

WiF-0 P 2  --.. vr-y-cy-er lift.  
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The cu rves  of L / D  v e r s u s  floor angle shown i n  f igure  14  re f lec ted  the 
0.1 i nc rease  in L / D  for  tail camber  3 ,  but showed no appreciable  reduction 
in  c r u i s e  floor angle a t  the L/D,ax condition. 

LA Jus t  as for  the nose camber  variations,  there was  no change in  the C 
v e r s u s  floor angle relationship from the basel ine configuration. 

Effect of Combined Nose and  Tai l  Camber  Variat ions 

The effect  of combined nose and ta i l  camber  var ia t ions was  de te rmined  
by analyzing fuselage F-33 with the basel ine wing and comparing it with the 
F-22 and basel ine (F-11)  configurations. Curves  of L/Dma, v e r s u s  center  
of gravi ty  location are  shown in figure 15. Fuselage F-33 gave roughly the 
combined L /Dmax  inc reases  of nose 3 and  tail  3. 
i n  L/Dma, was  only 0.1, however. 

The total  improvement  

The L / D  v e r s u s  floor angle  curves  shown in f igure 16 mani fes ted  
a l m o s t  no reduction in f loor  angle a t  the L/Dmax condition. 

The C L ~  v e r s u s  floor angle  curves  showed no change f r o m  the basel ine 
configuration. 

Effect of Reduced Fuse lage  Incidence 

Curves  of L/Dmax ve r sus  center of gravi ty  location f o r  the configura- 
t ions with reduced floor incidence a r e  presented  in  f igure 17. 
evident in  L/Dmax re su l t ed  f r o m  inc reased  drag-due-to-lif t  and trim drag.  
The increas ingly  negative Cmo.'s responsible  for the additional t r i m  d rag  
r e s u l t e d  f r o m  a gradual  reduction of the fuse lage ' s  contribution to the wing- 

The reduct ions 

body Cmo. 

T h e  curves  of L / D  v e r s u s  floor angle  presented in  f igu re  18 showed 
substant ia l  reductions in  cruise f loor  angle  f o r  configurations with dec reased  
f loor  incidence. 
and  they did not ref lect  the additional per formance  penal t ies ,  such as  dec reased  
r a n g e  factor ,  due to inc reased  s t ruc tu ra l  weight. 

The accompanying penal t ies  in L / D  w e r e ,  however ,  large,  

Curves  of CLA ve r sus  floor angle a r e  shown in f igure 19. 
f o r  L/Dmax was  independent of the fuselage incidence angle. 

The C L ~  

WING OPTIMIZATION STUDY I - WINGS OPTIMIZED F O R  
MINIMUM DRAG AT CL'S LESS THAN THE DESIGN CL 

As s ta ted  earlier, wing planform 26 w a s  originally optimized a t  C L =  0.1 
with n o  pitching moment  constraint .  
i nboa rd  defining station was  6' and had  to be reduced to 4' to e n s u r e  proper  
ma t ing  of the wing to the base l ine  fuselage. 

The optimum wing incidence a t  the m o s t  

This incidence r e d i i r t i n n  caused 
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a drag-due-to-lif t  penalty which together with a t r i m  drag  penalty accounted 
fo r  the difference between the baseline and optimum configurations.  
fe l t  that a series of wings optimized alone (planform only) a t  CL 'S  less than 
0.1 would r equ i r e  l e s s  incidence reduction nea r  the root to m e e t  the 4O fuse- 
lage floor constraint ,  thereby reducing the drag  inc rease  due to the incidence 
r e duc t i  on. 

I t  w a s  

F o r  this study, wings w e r e  optimized a t  CL'S of 0.085, 0.070, 0.065, 
The incidence a t  the inboard defining section was  exactly 4.0° and 0.060. 

for  the wing optimized a t  CL = 0.065. Where  the inboard incidence was  
g r e a t e r  than 4O, i t  was reduced to 4 O .  The wings w e r e  then run  with the 
basel ine fuselage,  fuselage F-1 1, to de te rmine  the wing-body aerodynamic 
cha rac t e r i s t i c s  for  the t r i m  drag  analysis .  

The inboard wing incidence distributions for  the low CL opt imized 
wings are  shown in f igure 20. The wings w e r e  identified by their  optimization 
CL followed by a W which indicated the wings w e r e  optimized as planforms 
alone. The 4RC following the designation indicated that the inboard incidence 
was  reduced to 4 O  f r o m  the optimlim. 

Curves  of L/Dmax ve r sus  center of gravi ty  location are presented  in  
f igure 21. The low CL optimized wings showed a n  L/Dmax improvement  of 
about 0.1 for  the center  of gravi ty  a t  the nominal location, 24 percent  MAC. 
In genera l ,  the wings showed better pe r fo rmance  f o r  the more fo rward  
cen te r  of gravi ty  locations. 

The cu rves  of L / D  ve r sus  f l o o r  angle  shown i n  f igure 22 indicated that 
the low CL optimized wings cruised at higher  floor angles  than the basel ine 
wing. They a l s o  showed that the 0.085W wing was  the bes t  of the series. 

Curves  of CL ve r sus  nominal f loor  angle  a re  shown in f igure 2 3 .  The 
CLA f o r  L/Dma,%ecreased slightly fo r  the wings optimized a t  lower C L ' s .  

WING OPTIMIZATION STUDY I1 - WINGS OPTIMIZED 
FOR MINIMUM DRAG AT CL'S LESS THAN THE 
DESIGN C L  IN THE PRESENCE OF A FUSELAGE 

A s  pointed out earlier, the Woodward p rogram can  optimize wings in the 
In this procedure,  the wing portion of the configura- p r e s e n c e  of a fuselage.  

tion is optimized f o r  min imum drag a t  a given CL. E a r l y  at tempts  to optimize 
wing p lanform 26 in the presence  of a fuselage w e r e  se t  as ide  because the 
opt imum wing root incidence was  i n  excess  of l o o .  In a n  a t tempt  to  c i r c u m -  
vent this  high root  incidence problem, it was  decided to optimize a series of 
wings in  the p re sence  of the baseline fuse lage  a t  CL ' s  l e s s  than the design 
C L  of 0.1. 

For this study, wings w e r e  optimized a t  C L ' S  of 0.085, 0.070, 0.065 
and  0.060 ju s t  as  f o r  the wing alone optimizations.  
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The inboard wing incidence distributions for  wings optimized in the 
presence  of the baseline fuselage are shown in f igure 24. These  wings w e r e  
identified by their  optimization CL followed by a W B  for  wing-body optimi- 
zation. The dashed lines in  f igure 24 indicate the root modification requi red  
to m e e t  the 4' root  camber  constraint .  
fication, the 0.07OWB and 0.065WB wings requi red  only a sma l l  amount of 
modification, but the 0.085W5 .:,ing presented  a problem. 

The 0.06OWB wing r equ i r ed  no modi -  

The 0.085WB-4RC wing was analyzed with the baseline fuselage,  but 
some  doubt had to be attached to the validity of the resu l t s .  As shown in  
f igure 24, the incidence a t  the wing-fuselage intersection was about 4.5O. 
When compared  to 3.6O for  the baseline fuselage,  i t  was evident that the 
0.085WB-4RC wing might not have fi t  under the 4O fuselage floor.  In the 
absence  of a detailed layout, only seve ra l  observations could be made. F i r s t ,  
i f  the wing could not have been fit under the floor,  the wing gully inboard of 
7) = 0.12 would have to have been emphasized. And second, it is doubtful 
that the Woodward program could have properly analyzed such a gully because 
the p r o g r a m  is l imited to approximately ten panels spanwise which should be 
of equal width for  best  resu l t s .  

Curves  of L/Dmax ve r sus  center  of gravity location a r e  presented  for 
the W B  wings in  figure 25. The wings showed improvement in L/Dma, over 
a wide center  of gravity range. This was  due la rge ly  to  a favorable  t r i m  
d rag  situation in which the tail  c a r r i e d  a n  upload r a t h e r  than a download. 
The upload was requi red  to t r i m  the l a r g e  positive Cmls genera ted  by the 
wing-body optimized wings. 

Curves  of L / D  ve r sus  floor angle a r e  shown in  figure 26 for  the WB 
wings.  The 0.085WB wing showed a reduction in  c r u i s e  floor angle in addition 
to  a substantial  i nc rease  in L/D.  

Curves  of CLA ve r sus  floor angle a re  shown in figure 27. The C L ~  for  
L / D m a x  was slightly higher  for the 0.085WB wing than f o r  the baseline,  but 
as s e e n  f o r  the wings optimized alone, C L ~  for  L/Dma, dec reased  as  the 
optimization CL decr  ea  sed. 

WING OPTIMIZATION STUDY I11 - WINGS OPTIMIZED 
FOR MINIMUM DRAG WITH Cm CONSTRAINTS 

Wing 26 optimized at CL = 0.1 with no Cm constraint  yielded a wing- 
body Cmoof -0.00114 when run  with the basel ine fuselage,  F-11. The tail 
download requi red  to t r i m  this configuration produced t r i m  drag equal to  
about  three percent of the total a i r c r a f t  d rag  a t  cruise .  In an  at tempt  to 
r educe  the trim drag,  a s e r i e s  of wings w e r e  optimized at  CL = 0.1 with 
C, constraints  designed to  produce m o r e  positive Cm0's .  

l oca t ed  at 66  percent  of the wing center l ine  root  chord, 
positive Cm01s th:: ~ i ~ ? a n  0 -  w e r e  optimized with the center  of p r e s s u r e  

The wing optimized with no Cm constraint  had a center  of p r e s s u r e  
CR. To get m o r e  
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constrained to be at 62  percent C R ,  
53  percent  CR. 

59  percent C R ,  56 percent  CR,  and 

The inboard wing incidence distributions for  the Cm constrained wings 
are  shown in figure 28. 
specified center  of p r e s s u r e  locations. 
was considcrably g rea t e r  than fo r  either set of wings optimized a t  CL 'S  l e s s  
than the design CL. 
incidence down to 4 O  w e r e  a l so  more  s e v e r e  than fo r  the low CL wings. 

In  this study, the wings w e r e  identified by their 
The root incidence for these wings 

The root camber  modifications requi red  to bring the 

The cons t ra ined  wings achieved the des i r ed  change in center  of p r e s -  
s u r e  by redis t r ibut ing the wing camber  s o  that m o r e  load was c a r r i e d  f a r the r  
forward.  This  change f rom the unconstrained optimum camber  was accom-  
panied by a degradation in drag-due-to-lift a t  the design CL. Consequently, 
per formance  gains w e r e  a balance between reduced trim drag and increased  
drag-  due - to-lift . 

Curves  of L/Dmax versus  center of gravity location for the Cm con- 
s t r a ined  wings are  shown in  figure 29. 
effects of trim drag  benefits due to  m o r e  positive CmO'S and drag  dec re -  
m e n t s  due to the nonoptimum wing warp.  
the wing drag-due-to-lif t  increases  even fo r  the 53 percent CR wing. 
can be  seen  by noting that L / D m a x  w a s  s t i l l  increasing fo r  the 53 percent  
CR constraint .  
fa l len off because  the drag-due- to-lift penalt ies would have become increasingly 
seve re .  
53 percent  CR would have given the bes t  overa l l  aerodynamic per formance  at 
the nominal cen ter  of gravity location. 

These  cu rves  showed the combined 

The trim drag  benefits outweighed 
This  

For  wings constrained f a r the r  forward,  L/Dmax would have 

These  curves indicated that a wing constrained somewhere c lose  to  

Curves  of L / D  ve r sus  floor angle a r e  presented  in figure 30 for  the 
cons t ra ined  wings. A s  the wings w e r e  constrained to fa r ther  fo rward  
c e n t e r s  of p r e s s u r e ,  the floor angle for  bes t  L / D  increased.  F o r  the 53 
pe rcen t  CR wing, L/Dmax occurred at a lmos t  0.75O higher  f loor  angle. 

Curves  of C L ~  ve r sus  floor angle are  shown in figure 31. 
f o r  L / D  max inc reased  as  the wings w e r e  increasingly constrained. 

The C L ~  

DISCUSSION 

A comparison of L / D  v e r s u s  floor angle f o r  the mos t  promising con- 
f igurat ions f r o m  each of the studies is presented  in f igure 32. 
modification F-33 and  the wing optimized alone at CL= 0.085 each showed 
about 0.1 improvement  in  L / D  at the nominal cen ter  of gravity location. 
While the wing alone optimization appea red  unproductive in comparison to 
the o the r  wing optimization procedures ,  the favorable  effects  of F-33  might 
eas i ly  be achieved on future  configurations by upsweeping the tail. 
c a m b e r  3 contribution to the L / D  improvement shown by F-33 was  sma l l  in 
compar ison  to the tail contribution, and  i t  i s  unlikely that the nose camber  
upsweep wil l  eve r  be implemented due to cockpit visibil i ty requi rements .  

The fuselage 

The nose 

11 



The configuration optimized at CL = 0.085 in the p resence  of the basel ine 
fuselage showed the m o s t  p romise  in  t e r m s  of providing both a substantial  
i nc rease  in L / D ,  0.45, and a reduction in c r u i s e  f loor  angle. 
CR wing configuration showed the g rea t e s t  improvement , in  L /D ,  0.57, but 
a t  the cost  of a n  additional degree  in c r u i s e  f loor  angle. 

The 5 3  percent  

The significance placed on these r e su l t s  depends on the importance 
at tached to keeping the c ru i se  floor angle  low. Inasmuch as  it does not 
appear  possible to achieve c ru ise  floor angles  less than about 5 degrees  
and  s t i l l  obtain significant improvements  in  c r u i s e  L/D,  i t  m a y  be  a rgued  
that the a i r c r a f t  should be configured for  max imum c r u i s e  eff ic iency and 
thehigh floor angles  tolerated as a n e c e s s a r y  evil. On the other  hand, should 
i t  be  decided that the floor angle must  be  held down to some  a r b i t r a r y  value,  
3 degrees  fo r  instance,  then a c ru i se  L / D  penalty m u s t  be expected. In this  
case a configuration with the floor a t  less than 4' incidence to the W R P  
a p p e a r s  worthy of exploration. 

In general ,  the high f loor  angles  of the wel l -performing configurations 
w e r e  the r e su l t  of initially set t ing the floor incidence high s o  that the fuse -  
lage  would not in te r rupt  the wing l i f t  distribution. Large  floor angle 
reduct ions could only be achieved by reducing the f loor  incidence, and this 
m e a n t  reducing the fuselage incidence and  disturbing the wing l i f t  distribution. 

I t  has been suggested that a saw-toothed o r  t e r r aced  floor could be  u s e d  
with a high incidence fuselage. This solution, however ,  introduces additional 
s t r u c t u r a l  complexity which m a y  resu l t  in  a weight penalty and  m a y  r e q u i r e  
complicated duct and control  l ine routing. The maneuvering of food c a r t s  
ove r  f loor  s teps  and  the possible loss  of seats due to cabin parti t ions a re  
a l s o  objections to a t e r r a c e d  floor. 

CONCLUSIONS 

F o u r  configuration perturbation s tudies  have been conducted on a typical 
supersonic  t r anspor t  configuration designed f o r  M = 2.2 and  CL = 0.1. 
Numerous  fuselage and  wing variations w e r e  examined to de te rmine  the im- 
pact  of different configuration optimization techniques on c r u i s e  L / D  and 
c r u i s e  floor angle. 
g rav i ty  nominally located a t  24 percent  MAC: 

The following conclusions w e r e  drawn for  the center  of 

1. The basel ine configuration was  found to operate  a t  a n  L / D  of 
9.34 with a c r u i s e  floor angle of 5.0'. This  was  only 0.16 less in  ."t8kax 
but a ful l  2.0' less in  floor angle than fo r  the optimum configuration. 

2 .  Fuse lage  nose camber  variations had  v e r y  l i t t le  effect  on  
configuration per formance  o r  c ru i se  floor angle.  

3 .  The fuselage ta i l  camber  var ia t ion with two additional degrees  of 
upsweep showed about 0.1 improvement  in L/Dma, and no change in c r u i s e  
f loo r  angle for  the nominally located center  of gravity. This configuration . .  - L q m m f i  .,------a ..---qn.nm L.- -* &L- ":--l:-:t.-- -c  :--1----- L : - -  . .L  
L A A u A L 5 L  appGaI G U  p l  V L l r r u A r L g  U y  V L A  L U L  V I  L I I b  O I A l l p l L L L L Y  V I  I I I I ~ l . G I I l C I l L L l l ~  J.L. 
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4. 
the combined improvement  of the n o s e  and tail var ia t ions taken separately.  
The 2 O  upswept ta i l  var ia t ion dominated the L / D  improvement  and  there 
was  no change in c r u i s e  f loor  angle. 

Fuselage nose and ta i l  camber  var ia t ions showed approximately 

5 .  
the fuselage a t  less than 4' incidence with r e spec t  to the wing r e f e r e n c e  
plane. The configurations did not appear  to be s t ruc tura l ly  integrable  fo r  
fuselage incidence angles  below 1 .Oo ,  and weight penalt ies w e r e  expected 
fo r  fuselage incidence angles  below 3.5O. Unfortunately, substant ia l  
reductions in L/Dmax accompanied the fuselage incidence reductions 
ma king the s e va r ia t ion s una t t r a c t i v  e. 

Substantial c r u i s e  f loor  a n g l e  reductions w e r e  achieved by sett ing 

6.  Wings optimized f o r  minimum drag  a t  CL'S l e s s  than the design 
CL did not show any appreciable  improvement  in  e i ther  L / D  o r  c r u i s e  
f loor  angle. 

7 .  Wings optimized fo r  minimum drag  in the presence  of the basel ine 
fuselage a t  C L ~ S  less than the design CL showed substant ia l  improvement  in 
L / D  and some  reduction in  c ru ise  f loor  angle.  The wing optimized a t  
CL = 0.085 showed the m o s t  promise with a n  L / D  inc rease  of 0.45 and  a floor 
angle  reduction of 0.5'. The analysis of this configuration m a y  have been 
inaccura te  due to the formation of a gully nea r  the wing root.  The gully was  
r equ i r ed  to m a t e  the wing to the baseline fuselage and i t s  three-dimensional  
na tu re  m a y  not have been adequately captured  by the planar  wing r e p r e s e n -  
tation used  in  the analysis .  

8 .  Wings optimized for minimum drag  with Cm constraints  designed 
to r educe  c r u i s e  t r i m  drag  produced the g rea t e s t  i n c r e a s e s  in  L / D  but 
also inc reased  the c r u i s e  floor angle. The wing with center  of p r e s s u r e  
cons t ra ined  to be a t  53 percent of the center l ine root chord,  v e r s u s  66  p e r -  
cen t  f o r  the unconstrained baseline wing, showed 0.57 improvement  in L / D  
but w a s  accompanied by a 0.75O i nc rease  in the c r u i s e  floor angle. 

I t  was  not possible to both improve the a i r c r a f t  c r u i s e  L / D  and sub- 
s tant ia l ly  reduce  the c r u i s e  floor angle f r o m  the 5 degrees  of the basel ine 
configuration. In general ,  wing variations caused  changes in  L / D  but did 
not effect the c r u i s e  floor angle  m o r e  than a half degree.  Small  fuselage 
c a m b e r  var ia t ions had  l i t t le  effect on L / D  o r  c r u i s e  f loor  angle,  and  the 
l a r g e  fuselage camber  var ia t ions r equ i r ed  to reduce  the fuselage incidence 
brought  the floor angle down but caused s e v e r e  L / D  penalties.  
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APPENDIX A 

BASELINE CONFIGURATION DATA USED FOR 

TRIM DRAG ANALYSIS 

Geometr ic  cha rac t e r i s t i c s  
Wing a r e a .  . . . . . . . . . . . . . . . . . .  928 sq m 10,000 sq f t  
Horizontal  tail a r e a .  . . . . . . . . . . . . .  72.5 s q  m 781 sq  ft 
WingMAC, c . . . . . . . . . . . . . . . . .  19.8m 64.9 ft 

Ta i l  aerodynamic center  . . . . . . . . . . .  1.762 f r o m  the leading 

- 
T a i l M A C  . . . . . . . . . . . . . . . . . . .  7.04m 23.0 ft 

edge of the MAC 

Zero-l i f t  wave d rag  coefficient . . . . . . . . . . . . . . . .  0.00198 
Skin fr ic t ion d rag  coefficient including f o r m  and  
roughness fac tors  . . . . . . . . . . . . . . . . . . . . . . . .  0.0043 5 
Total  l if t  independent drag  coefficient . . . . . . . . . . . . .  0.00633 

-~ 
Drag  buildup data 

Woodward tail-off aerodynamic charac te r i s t ics  
Wing induced d rag  fac tor ,  K, . . . . . . . . . . . . . . . . .  0.5396 
CL for  min imum induced drag, C L ~  . . . . . . . . . . . . . .  0.0191 
Twist  drag,  C D ~ ~ ~ .  . . . . . . . . . . . . . . . . . . . . . .  0.00073 
Wing-body aerodynamic center .  . . . . . . . . . . . . . .  26.78% MAC 
Zero-l i f t  pitching moment  coefficient, Cmo . . . . . . . . . .  -0.001 14 
Zero-lif t  angle of a t tack,  c y o .  . . . . . . . . . . . . . . . . .  -2.58O 
Wing-body lift cu rve  slope, CL, . . . . . . . . . . . . . . . .  0,03233 

Tai l  aerodynamic  cha rac t e r i s t i c s  
Tail induced d rag  factor ,  Kt . . . . . . . . . . . . . . . . . .  
CL for  minimum induced drag C L ~ ~  . . . . . . . . . . . . .  0.0 
Tail twist d rag ,  C D ~ ~ ~ ~  . . . . . . . . . . . . . . . . . . . .  
Tail zero-lif t  pitching moment coefficient, Cmot . . . . . . .  

0.509 

0.0 
0.0 

Tail incidence, i t  . . . . . . . . . . . . . . . . . . . . . . .  0.0 
Tail l i f t  curve  slope,  C L ~ ~  . . . . . . . . . . . . . . . . . .  0.025 

D ow nwa sh 
Downwash a t  z e r o  angle of attack, e o  . . . . . . . . . . . . .  1 .oo 
d c / d a .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.25 
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APPENDIX B 

SENSITIVITY OF S T U D Y  RESULTS TO ACCURATE 

KNOWLEDGE O F  THE DOWNWASH 

Recause the downwash pa rame te r s  eo and d E: / d  CY w e r e  deduced f r o m  

In par t icu lar ,  i t  was not 
tail-on experimental  data f o r  the SCAT 15 and the 2707-300, there  was  some  
doubt as to their  validity f o r  the -5 configuration. 
known how much effect a n  e r r o r  in the downwash prediction might have on the 
study resu l t s .  
hor izontal  ta i l  was  undertaken with the Woodward p rogram flow visualization 
option in o r d e r  to es tabl ish confidence in  the e s t ima ted  downwash. 

Therefore ,  a flow field su rvey  in the neighborhood of the 

The experimental  data indicated that e = l . O o  and d e / d @  = 0.25 w e r e  
reasonable  values ,  and  they w e r e  used  in  alf the t r i m  drag analyses .  It was  
a s s u m e d  that because the downwash was  small a t  c ru i se ,  the configuration 
per turbat ions would not change i t  sufficiently to w a r r a n t  a n  extensive down- 
wash  investigation on each configuration. The flow visualization s e r v e d  to 
conf i rm these  assumptions . 

The downwash survey  was made in  six horizontal  planes a t  different 
ve r t i ca l  heights as  shown in  figure 3 3 .  The ver t ica l  locations of the tail 
cove red  the space  roughly between the wing plane (low) and  the tail plane 
(high). 
plane a t  the g r id  points shown in  the inse t  in f igure  3 3 .  
because  individual Woodward off-body points w e r e  subject to s ca t t e r  due to 
the influence of p r e s s u r e  discontinuities on nearby  body and and  wing panels. 
The 1 2  values  w e r e  averaged  to  g ive  a n  ave rage  downwash a t  the horizontal  
tai l ,  c .  

A s e t  of 12  downwash values w e r e  determined in each horizontal  
This  was  necessa ry  

0 T h e  survey  was  run  at a = 0 and a t  Cy = 1.0' i n  o r d e r  to de te rmine  
d Z/dQ. 

The survey w a s  run on the baseline -5 configuration. It was  a l s o  run  
on the  configuration with the 53 percent CR cons t ra ined  wing in  o r d e r  to 
check  how much the downwash changed f o r  one of the larger changes in wing 
camber distribution. 

The re su l t s  of the downwash survey a re  shown in f igure  34. The down- 
w a s h  in  the plane of the wing came quite c lose  to the experimental  values for  
both configurations.  In par t icu lar ,  showed excellent agreement .  As  the 
downwash w a s  sampled higher above t%e wing plane, Z, and dz/dcu tended 
toward  slightly higher values  of 1.4O and  0.40 respect ively.  

The plane-of-the-wing downwash values w e r e  de te rmined  to be 
acceptab le  par t icu lar ly  in  light of their  ag reemen t  with the experimental  
va lues .  It is  interest ing to note that the tail-on methods  of Car l son  and 
Middleton (refs. 6 and 7)  u s e  planar downwash. 
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However, i t  was considered possible that the Woodward values in the 
plane of the ta i l  m o r e  accura te ly  r ep resen ted  the downwash in the th ree -  
dimensional flow field. 
were  used  to check the sensit ivity of the basel ine configuration trim analyis  
to uncertainity in knowledge of the downwash. 
study a r e  shown in f igure  35. The change in L / D  at the nominal cen ter  of 
gravity location is only about 0.03 for the wors t  case .  
decided that the study was accura te  in  terms of the effect of downwash on the 
study resu l t s .  

So ,  the higher values  of z 0  = 1.4O and d Z / d a  = 0.4 

The r e su l t s  of this sensit ivity 

On this bas i s ,  i t  was  
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